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T h i s  p a p e r  p r e s e n t s  t h e  r e s u l t s  o f  a s t u d y  to e v a l u a t e  t h e  c a p a b i l i t y  of 
a n  a c t i v e  l o a d - c o n t r o l  l a n d i n g  gear computer program (ACOEAG) f o r  p r e d i c t i n g  
t h e  l a n d i n g  d y n a m i c s  o f  a i r p l a n e s  w i t h  p a s s i v e  a n d  a c t i v e  m a i n  g e a r s ,  a n d  t h e  
a p p l i c a t i o n  o f  t h a t  p r o g r a m  i n  a n  a n a l y t i c a l  i n v e s t i g a t i o n  o f  t h e  d y n a m i c  
behav io r  du r ing  l and ing  of a l a r g e  a i r p l a n e  e q u i p p e d  w i t h  b o t h  p a s s i v e  a n d  
a c t i v e  ma in   gea r s .   Cor re l a t ions   be tween   computed  data from ACOLAG, computed 
d a t a  f r o m  a f l e x i b l e  a i r c r a f t  t a k e - o f f  a n d  l a n d i n g  a n a l y s i s  (FATOLA), and pre- 
l i m i n a r y  e x p e r i m e n t a l  d r o p - t e s t  data f o r  a m o d i f i e d  a c t i v e  c o n t r o l  m a i n  g e a r  
from a l i g h t  a i r p l a n e  i n d i c a t e  t h a t  ACOLAG is c a p a b l e  of p r e d i c t i n g  t h e  l a n d i n g  
d y n a m i c s  o f  a i r p l a n e s  w i t h  b o t h  p a s s i v e  a n d  a c t i v e  l o a d - c o n t r o l  m a i n  l a n d i n g  
g e a r s .  A p a r a m e t r i c  s t u d y  of p a s s i v e  a n d  a c t i v e  m a i n  g e a r s  i n d i c a t e s  t h a t  t h e  
a c t i v e  g e a r  is more e f f e c t i v e  i n  r e d u c i n g  t h e  m a g n i t u d e  o f  t h e  forces t r a n s m i t -  
ted to t h e  a i r c r a f t  s t r u c t u r e  t h a n  t h e  p a s s i v e  g e a r .  The e f f e c t i v e n e s s  was 
most pronounced for those touchdown  condi t ions which would r e s u l t  i n  l a r g e  
a i r f r a m e - g e a r  i n t e r f a c e  forces w i t h  t h e  p a s s i v e  g e a r ,  t h a t  is ,  l a r g e  a i r p l a n e  
masses ,   h igh   touchdown  s ink   ra tes ,   and   uphi l l   runway slopes. The a c t i v e   g e a r  
is also e f f e c t i v e   i n   r e d u c i n g   a i r p l a n e   m o t i o n s   f o l l o w i n g   i n i t i a l  impact. The 
r e d u c t i o n  of c y c l i c  forces a s s o c i a t e d  w i t h  t h e  a c t i v e  g e a r  f u r t h e r  i n d i c a t e s  
t h e  p o t e n t i a l  for s i g n i f i c a n t  r e d u c t i o n s  i n  s t r u c t u r a l  f a t i g u e  damage d u r i n g  
g r o u n d  o p e r a t i o n s .  
INTRODUCTION 
Ground loads imposed o n  a n  a i r p l a n e  are i m p o r t a n t  f a c t o r s  i n  t h e  d y n a m i c  
load ing  o f  t h e  a i r f r a m e  s t r u c t u r e  a n d  may r e s u l t  i n  s i g n i f i c a n t  f a t i g u e  damage. 
The g r o u n d - i n d u c e d  s t r u c t u r a l  v i b r a t i o n s  also r e s u l t  i n  crew and passenger  
d i s c o m f o r t ,  a n d  o n  l a r g e  f l e x i b l e  a i r p l a n e s  these v i b r a t i o n s  c a n  r e d u c e  t h e  
p i l o t ' s  c a p a b i l i t y  to  c o n t r o l  t h e  a i r p l a n e .  These problems of ground-induced 
v ib ra t ions  have  been  encoun te red  w i t h  some c u r r e n t l y  o p e r a t i o n a l  t r a n s p o r t  a i r -  
p l a n e s ,  as d i s c u s s e d   i n   r e f e r e n c e s  1 and 2 .  Such  problems w i l l  be magni f ied  
for s u p e r s o n i c - c r u i s e  a i r p l a n e s  b e c a u s e  of t h e  i n c r e a s e d  s t r u c t u r a l  f l e x i b i l i t y  
i n h e r e n t  i n  t h e i r  s l e n d e r - b o d y  d e s i g n ,  their  t h i n - w i n g   c o n s t r u c t i o n ,   a n d   t h e i r  
h igh   take-of f   and   landing  speeds. For   example ,   i nves t iga t ions   o f   t he   g round  
r i d e  q u a l i t i e s  of o n e  p a r t i c u l a r  d e s i g n  of a s u p e r s o n i c  t r a n s p o r t  c o n d u c t e d  i n  
t h e  U n i t e d  S t a t e s  i n  t h e  s i x t i e s  i n d i c a t e d  e x t r e m e l y  h i g h  v i b r a t i o n  l e v e l s  i n  
t h e  crew compar tment   dur ing   the   t ake-of f  r o l l  ( r e f .  3 ) .  
A n a l y t i c a l  s t u d i e s  ( re fs .  3 to 5) have  been  conducted to  d e t e r m i n e   t h e  
f e a s i b i l i t y  of a p p l y i n g  a c t i v e  load c o n t r o l s  to t h e  a i r p l a n e  m a i n  l a n d i n g  g e a r  
to  limit the   g round  loads a p p l i e d  to t h e  a i r f r a m e .  The s t u d y  reported i n  r e f -  
e r e n c e  4 i n d i c a t e s  t h a t  a shock  s t r u t  w i t h  a h y d r a u l i c a l l y  c o n t r o l l e d  a c t u a t o r  
i n  series wi th  the  pas s ive  e l emen t s  o f  t h e  s t r u t  p r o v i d e d  t h e  most d e s i r a b l e  
dynamic properties. T h i s  s tudy   u sed  a l i n e a r  model a s  a s i m p l i f i c a t i o n  of an  
a c t u a l  a i r p l a n e  s h o c k - s t r u t  s y s t e m  b u t  recommended t h a t  a n y  f u t u r e  s t u d i e s  
s h o u l d   i n c l u d e   t h e   n o n l i n e a r   l a n d i n g - g e a r   c h a r a c t e r i s t i c s .   B o t h   n o n l i n e a r  
I '  
shock-s t ru t  and  t i r e  c h a r a c t e r i s t i c s  were i n c l u d e d  i n  t h e  s t u d y  of r e f e r e n c e  5, 
i n  which a mathemat ica l  model of  a s t i f f  a i r p l a n e  w i t h  a s e r i e s - h y d r a u l i c ,  
a c t i v e  l o a d - c o n t r o l  m a i n  l a n d i n g  g e a r  was developed .  
The purpose of t h i s  paper is to p r e s e n t  t h e  r e s u l t s  from a two-phase pro- 
gram to e v a l u a t e  t h e  c a p a b i l i t y  of a n  a c t i v e  l o a d - c o n t r o l  l a n d i n g  g e a r  c o m p u t e r  
program (ACOLAG) f o r  p r e d i c t i n g  t h e  l a n d i n g  d y n a m i c s  o f  a i r p l a n e s  w i t h  p a s s i v e  
and  ac t ive  ma in  gea r s ,  and  to a p p l y  t h a t  p r o g r a m  i n  a n  a n a l y t i c a l  i n v e s t i g a t i o n  
of t h e  dynamic  behavior  dur ing  landing  of  a l a r g e  a i r p l a n e  e q u i p p e d  w i t h  b o t h  
p a s s i v e   a n d   a c t i v e   m a i n   g e a r s .  The  touchdown p a r a m e t e r s   v a r i e d   i n   t h e   s t u d y ,  
f o r  b o t h  p a s s i v e  a n d  a c t i v e  m a i n  g e a r s ,  i n c l u d e d  a i r p l a n e  m a s s  a n d  p i t c h  mass 
moments o f   i n e r t i a ,   s u b s o n i c   a e r o d y n a m i c s ,   a e r o d y n a m i c   p i t c h   c o n t r o l   ( e l e v a -  
tors) , p i t c h  a t t i t u d e ,  g r o u n d  s p e e d ,  a n d  s i n k  r a t e ,  i n  c o n j u n c t i o n  w i t h  t h e  u s e  
o f  a c t u a l  runway p r o f i l e s .  
SYMBOLS 
The u n i t s  u s e d  f o r  t h e  p h y s i c a l  q u a n t i t i e s  d e f i n e d  i n  t h i s  p a p e r  a r e  g i v e n  
f i r s t  i n  t h e  I n t e r n a t i o n a l  S y s t e m  o f  U n i t s  a n d  p a r e n t h e t i c a l l y  i n  t h e  U . S .  
Cus tomary   Uni t s .   Measurements   and   ca lcu la t ions  were made i n  U . S .  Customary 
U n i t s .  
a r e a  o f  o p e n i n g  i n  s h o c k - s t r u t  o r i f i c e  p l a t e ,  m2 ( f t 2 )  
c r o s s - s e c t i o n a l  a r e a  o f  m e t e r i n g  p i n ,  m2 ( f t 2 )  
s h o c k - s t r u t  h y d r a u l i c  a r e a  ( p i s t o n  area) , m2 ( f t 2 )  
shock- s t ru t   pneumat i c  area ( c y l i n d e r  area) , m2 ( f t 2 )  
c r o s s - s e c t i o n a l  a r e a  of volume be tween shock-s t ru t  p i s ton  and  
c y l i n d e r ,  m 2  ( f t 2 )  
f o r c e  a p p l i e d  a t  composite mass c e n t e r  d u e  t o  e l e v a t o r  moment, 
N ( l b f )  
r a t io  o f  e l e v a t o r  moment to a p p l i e d  moment 
d i s t ance  be tween  composite mass c e n t e r  a n d  e l e v a t o r  h i n g e  a x i s  i n  
body coord ina te   sys t em,  m ( f t )  
a p p l i e d  moment, N-m ( l b f - f t )  
e l e v a t o r  moment, N-m ( l b f - f t )  
p i t c h i n g  moment, N-m ( l b f - f t )  
composite mass, kg ( s l u g s )  
one-ha l f  o f  fuse lage  mass c o n c e n t r a t e d  a t  f u s e l a g e  c e n t e r  o f  g r a v i t y ,  
kg ( s l u g s )  
mass assumed  concent ra ted  a t  axle,  kg ( s l u g s )  mh 









Vac , i 
Vac , t 
Vc um 
11 
semispan wing mass assumed c o n c e n t r a t e d  a t  semispan wing c.g. on 
spanwise   chord   con ta in ing   w ing-gea r   i n t e r f ace ,  k g  ( s l u g s )  
h y d r a u l i c  p r e s s u r e  i n  s h o c k - s t r u t  p i s t o n ,  Pa ( l b f / f t 2 )  
p n e u m a t i c  p r e s s u r e  i n  s h o c k - s t r u t  c y l i n d e r ,  Pa ( l b f / f t 2 )  
f l o w  ra te  t h r o u g h  s h o c k - s t r u t  o r i f i c e ,  m3/sec (gal /min)  
f l aw  ra te  o f  h y d r a u l i c  pump, m3/sec (gal /min)  
flow ra te  from h igh-p res su re  accumulator t h r o u g h  s e r v o  v a l v e  to  
s h o c k - s t r u t   p i s t o n ,  m3/sec (gal /min)  
f low ra te  f r o m  s h o c k - s t r u t  p i s t o n  t h r o u g h  s e r v o  v a l v e  to 
law-pressure   reservoi r ,   m3/sec   (ga l /min)  
s h o c k - s t r u t  stroke, m ( f t )  
elapsed time af te r  touchdown, sec 
i n i t i a l  volume of c h a r g i n g  n i t r o g e n  i n  h i g h - p r e s s u r e  accumulator, 
m3 ( p i n t s )  
t o t a l  volume of h i g h - p r e s s u r e   a c c u m u l a t o r ,  m3 ( p i n t s )  
cumula t ive  f l u i d  v o l u m e  t r a n s f e r r e d  f r o m  s h o c k - s t r u t  p i s t o n  t o  
c y l i n d e r ,  m3 ( p i n t s )  
volume of s h o c k - s t r u t  p i s t o n ,  m3 ( p i n t s )  
pneumatic   volume  in  s h o c k - s t r u t  c y l i n d e r ,  m3 ( p i n t s )  
volume  between s h o c k - s t r u t  p i s t o n  a n d  s h o c k - s t r u t  c y l i n d e r ,  
m3 ( p i n t s )  
l o n g i t u d i n a l  c o o r d i n a t e  a x i s  
t r a n s v e r s e  c o o r d i n a t e  a x i s  
v e r t i c a l  or n o r m a l  c o o r d i n a t e  a x i s  
bulk  modulus of h y d r a u l i c  f l u i d ,  N/m2 ( l b f / f t 2 )  
r a t io  of specific h e a t  of g a s  a t  c o n s t a n t  p r e s s u r e  to  t h a t  a t  
constant  volume 
g e n e r a l  slope of runway,  deg 
3 
Subscripts : 
b body-axis  system 
9 gr avi  ty-axi s sys  tem 
i i n i t i a l  value 
Dots over symbols indicate differentiation w i t h  respect to time. 
MODIFICATIONS TO ACOLAG 
The mathematical model of ACOLAG i n  reference 5 was used i n  the present 
investigation. Subsequent to the publication of that reference, modifications 
were made to the mathematical model  of the series-hydraulic active control 
gear, to the aerodynamic model  of the airplane, and to  the  main-gear control 
logic. The equations have  been  programmed for operation on a d ig i t a l  computer 
and  have a core requirement of 72 000 octal  words. 
Series-Hydraulic Active Control Gear  Model 
The mathematical model  of the active control gear ( r e f .  5) assumes instan- 
taneous control response and incompressible hydraulic f l u i d ;  however, i n  real- 
i t y ,  delayed response and/or s t ab i l i t y  problems can a r i se  w i t h  an active gear 
as a consequence of hardware limitations and the compressibility of hydraulic 
f l u i d  a t  h i g h  operating pressures. Therefore, the mathematical model  of the 
series-hydraulic active control gear was modified to include servo-valve 
dynamics and compressible-fluid characteristics (ref. 6)  . These modifications 
changed the pressure and flaw equations of reference 5. 
Figure 1 shows schematics of the passive and active shock s t ru t s .  The 
conservation of  mass  of the hydraulic f l u i d  i n  the shock-strut piston, repre- 
sented by VI i n  f i g u r e  l ( a ) ,  and consideration of the  effect  of f l u i d  com- 
pressibility lead to equations of the form 
and 
The servo-valve flow rates  Qsvl and Qsv2 are  functions of servo-valve geom- 
e t ry  and spool displacement, instantaneous piston pressure, control supply 
pressure, and control return pressure (ref. 6 ) .  
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The p r e s s u r e - v o l u m e  r e l a t i o n s h i p  f o r  t h e  p n e u m a t i c  p r e s s u r e  i n  t h e  s h o c k -  
s t r u t   c y l i n d e r  (V2 i n  f i g .  1 (a)) is 
where 
V2 = V2,i  - (A2 - A1 + A p ) S  + (V3 - V3, i )  - VCm 
w i t h  
t 
vcum = $=, Qo dt 
and 
V3 = V3, i -k A3S 
The  main-gear s h o c k  s t r u t  of t h e  simulated a i r p l a n e  has a s n u b b e r  v a l v e  i n  
t h e  o r i f ice  p la te  to  r e s t r i c t  f l o w  from t h e  s h o c k - s t r u t  c y l i n d e r  t o  t h e  p i s t o n  
d u r i n g  s t r u t  e x t e n s i o n .  For a f e w   s i m u l a t e d   l a n d i n g s ,   t h e   p i s t o n   p r e s s u r e  
dropped below t h e  f l u i d  vapor  p re s su re  because  of t h e  h i g h  s t r u t - e x t e n s i o n  r a t e  
c o u p l e d   w i t h   t h e  restricted f l o w  through  the   snubber   va lve .   Consequent ly   the  
p r e s s u r e  e q u a t i o n s  were modified to  limit the  p r e s s u r e  i n  t h e  p i s t o n  to  vapor 
p r e s s u r e  f o r  t h e s e  c o n d i t i o n s .  F l u i d  c o n t i n u e s  t o  f l o w  from t h e   c y l i n d e r  t o  
t h e  p i s t o n  u n t i l  t h e  s h o c k - s t r u t  p r e s s u r e  r e t u r n s  to c h a r g i n g  pressure or u n t i l  
t h e  g e a r  impacts t h e  l a n d i n g  s u r f a c e .  
Aer odynam ic  Mode 1 
The  aerodynamic model p r e s e n t e d  i n  r e f e r e n c e  5 does n o t  i n c l u d e  e l e v a t o r s  
for con t ro l l i ng  nose -gea r  t ouchdown ve loc i ty  or the  effect  of s u c h  c o n t r o l  o n  
t h e  l o a d i n g  of t h e   m a i n   g e a r .   D u r i n g   s i m u l a t i o n s  of a i r p l a n e  l a n d i n g s  a n d  
r o l l - o u t  , nose-gear impact v e l o c i t i e s  a n d  r e s u l t i n g  n o s e - g e a r  f o r c e s  g e n e r a t e d  
by t h e  s i m p l i f i e d  n o s e - g e a r  r e p r e s e n t a t i o n  ( l i n e a r  s p r i n g  w i t h  n o  r e b o u n d )  were 
u n r e a l i s t i c a l l y   l a r g e .   C o n s e q u e n t l y ,  a simplified r e p r e s e n t a t i o n   o f   t h e   e l e v a -  
tors was added to  ACOLAG. T h e   e l e v a t o r   c o n t r o l  (ELCON) w a s  i n c l u d e d  as a per- 
c e n t a g e  of t h e  o t h e r  applied moments  and  of opposite s i g n ,  as follows: 
M, = KMa = ELCON * Ma 
For example, a t  touchdown the  a i rp l ane  is assumed to be ae rodynamica l ly  trimmed 
w i t h  the   aerodynamic  l i f t  s u p p o r t i n g  t h e  a i r p l a n e  mass. For t h i s  c o n d i t i o n  
t h e  e l e v a t o r  moment is e q u a l  i n  m a g n i t u d e  b u t  opposite i n  s i g n  to  t h e  applied 
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moment (K = 1 . O )  . The f o r c e  applied a t  t h e  composite mass c e n t e r  d u e  to 
e l e v a t o r  moment is 
Values   o f  K may b e   i n p u t  to s i m u l a t e   c h a n g e s   i n   e l e v a t o r   c o n t r o l   d u r i n g   t h e  
impact phase   o f  a landing.   During  nose-gear  impact t h e  e l e v a t o r  moment and 
f o r c e  are dec reased  as the  nose -gea r  fo rce  and  moment i n c r e a s e .  
Main-Gear C o n t r o l  Logic 
The o p e r a t i o n  o f  t h e  s e r i e s - h y d r a u l i c  a c t i v e  c o n t r o l  gear is  d e s c r i b e d  i n  
r e f e r e n c e  5. Subsequent  t o  t h e   p u b l i c a t i o n   o f   r e f e r e n c e  5, it was f o u n d   t h a t  
t h e  c o n t r o l  logic  was not  conducive  to e f f i c i e n t  o p e r a t i o n  of t h e  a c t i v e  g e a r .  
The c o n t r o l  logic was, t h e r e f o r e ,  m o d i f i e d  as d e s c r i b e d  i n  t h e  f o l l o w i n g  
pa rag raphs .  
D u r i n g  t h e  i n i t i a l  p o r t i o n  o f  t h e  l a n d i n g  impact, t h e  e l e c t r o n i c  c o n t r o l  
c o m p u t e s  t h e  a i r p l a n e  k i n e t i c  e n e r g y  i n  t h e  v e r t i c a l  d i r e c t i o n  f r o m  t h e  mea- 
s u r e d  s i n k  r a t e  and t h e  v e h i c l e  mass, which i s  assumed to  r e m a i n  c o n s t a n t .  
T h i s  e n e r g y  is a p p o r t i o n e d  among the  ma in  gea r s  and  i s  compared w i t h  t h e  
remaining w o r k  capab i l i t y  o f  each  ma in -gea r  shock  s t r u t  d u r i n g  t h e  s t r o k i n g  
process. The w o r k  c a p a b i l i t y  o f  t h e  s t r u t  is  t h e  p r o d u c t  o f  t h e  i n s t a n t a n e o u s  
v a l u e  o f  t h e  f o r c e  a t  t h e  i n t e r f a c e  b e t w e e n  t h e  gear a n d  t h e  a i r f r a m e  a n d  t h e  
r ema in ing   shock- s t ru t  stroke. When t h e  w o r k  c a p a b i l i t y  o f  t h e  s h o c k  s t r u t  
equals or e x c e e d s  t h e  r e m a i n i n g  v e r t i c a l  k i n e t i c  e n e r g y  o f  t h e  a i r c r a f t ,  t h e  
c o n t r o l  a s s i g n s  t h a t  i n s t a n t a n e o u s  v a l u e  o f  t h e  a i r f r a m e - g e a r  i n t e r f a c e  f o r c e  
as  t h e  limit f o r c e   a n d   t h e   l o a d i n g  a t  t h e  i n t e r f a c e  is c o n t r o l l e d  a b o u t  t h i s  
v a l u e   d u r i n g   t h e   r e m a i n d e r   o f   t h e  impact. The t r a n s i t i o n  from t h e  impact phase  
to  t h e  roll-out phase  is  as d e s c r i b e d  i n  r e f e r e n c e  5. 
I f  t h e  g e a r  f u l l y  e x t e n d s  a n d  t h e  p r e s s u r e  i n  t h e  s h o c k - s t r u t  p i s t o n  is 
less t h a n   t h e   c h a r g i n g  pressure, t h e n  t h e  c o n t r o l  a d d s  f l u i d  to  t h e  s t r u t  u n t i l  
t h e  p r e s s u r e  r e t u r n s  to  c h a r g i n g  p r e s s u r e  or u n t i l  t h e  c o n t r o l  is r e q u i r e d  to  
reduce   t he   a i r f r ame-gea r  force. I f   t h e   a i r f r a m e - g e a r   f o r c e   b e c o m e s   p o s i t i v e ,  
t h e  gear is s t r o k e d ,   a n d   f l u i d   h a s   b e e n   r e m o v e d ,   t h e n   t h e   c o n t r o l   a d d s   f l u i d  
to t h e  s t r u t .  The ra te  o f  a d d i t i o n  o f  f l u i d  is p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  
be tween  the  a s s igned  limit f o r c e  a n d  t h e  i n s t a n t a n e o u s  v a l u e s  o f  t h e  a i r f r a m e -  
gear f o r c e .  A d d i t i o n  o f  f l u i d  ceases when c o n t r o l  is a g a i n   r e q u i r e d  or when 
t h e  f l u i d  volume i n  t h e  s t r u t  h a s  b e e n  r e t u r n e d  t o  t h e  d e s i g n  v a l u e .  T h i s  
l o g i c  m a i n t a i n s  t h e  s t r u t - f l u i d  q u a n t i t y  a n d  pressure a t  or nea r  pas s ive -gea r  
d e s i g n  v a l u e s  d u r i n g  c o n t r o l  i n a c t i v i t y  a n d  p r o v i d e s  more e f f i c i e n t  u t i l i z a t i o n  
o f   t h e   c o n t r o l   s y s t e m .   D u r i n g   t h e   r o l l - o u t   p h a s e   o f   t h e   l a n d i n g ,  a c o n t r o l  
b i a s  r e t u r n s  t h e  gear to t h e  d e s i g n  s t a t i c  stroke i n  a p p r o x i m a t e l y  1 0  sec. 
Th i s  con t ro l  b i a s  does  no t  deg rade  con t ro l  pe r fo rmance  du r ing  o the r  phases  o f  
o p e r a t i o n   ( r e f .  6 ) .  
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ANALYTICAL MODELING 
T h e  p a s s i v e  a n d  a c t i v e  s h o c k  s t r u t s  o f  t h e  m a i n  l a n d i n g  gears a n d  t h e  
a s sumed  s t i f f - a i r f r ame  geomet ry  of t h e  l a r g e  a i r p l a n e  were modeled as shown 
s c h e m a t i c a l l y  i n  f i g u r e s  1 and 2, r e s p e c t i v e l y .  
Main-Gear  Shock S t r u t s  
P a s s i v e  g e a r  .- The passive-gear shock s t r u t  is shown i n  f i g u r e  1 ( a ) .  The 
main- landing-gear   shock   s t ru t   o f   the   modeled   a i rp lane  is a n  a i r - o v e r - o i l  type. 
T h e  m a i n  o r i f i c e  b e t w e e n  t h e  p i s t o n  a n d  t h e  c y l i n d e r  is equ ipped  w i t h  a snubber  
v a l v e .  The va lve   remains   open   dur ing  the  compress ion   phase  of gear o p e r a t i o n s  
b u t  r e d u c e s  t h e  o r i f i c e  area for f l o w  f r o m  t h e  c y l i n d e r  t o  t h e  p i s t o n  d u r i n g  
gear ex tens ion   and  t h u s  i nc reases   gea r   damping .   The   p re s su re - r e l i e f  or i f ices  
i n  t h e  o r i f i c e  t u b e  permit p r e s s u r e  e q u a l i z a t i o n  b e t w e e n  t h e  o r i f i c e  t u b e  a n d  
t h e   o u t e r   p o r t i o n   o f   t h e   c y l i n d e r .   S i m i l a r l y ,   t h e  or i f ices  i n  t h e  p i s t o n  wall 
permit p r e s s u r e  e q u a l i z a t i o n  b e t w e e n  t h e  c y l i n d e r  a n d  t h e  a n n u l a r  v o l u m e  
be tween  p i s ton  and  cy l inde r .  
Ac t ive  gear.- M o d i f i c a t i o n s  to the  pas s ive -gea r  shock  s t r u t  to  accommodate 
t h e  s e r i e s - h y d r a u l i c  a c t i v e  c o n t r o l  are shown i n  f i g u r e  1 ( b ) .  The c o n t r o l  
ha rdware   i nc ludes  a s e r v o  v a l v e ,  a h igh -p res su re   accumula to r ,  a 
r e s e r v o i r ,  a h y d r a u l i c  pump, a n d   a n   e l e c t r o n i c   c o n t r o l .   I n  add 
s i n g l e - w a l l  o r i f ice  t u b e  is rep laced  by  an  annular  tube  t o  perm 
to operate on t h e  f l u i d  i n  t h e  s h o c k - s t r u t   p i s t o n .  A schematic 
of these m o d i f i c a t i o n s  is shown  by t h e  d i a g o n a l l y  l i n e d  area i n  
C o n t r o l  i n s t r u m e n t a t i o n  c o n s i s t s  of an accelerometer t o  monitor  
low-pr essur e 
i t i o n ,   t h e  
.it t h e  c o n t r o l  
r e p r e s e n t a t i o l  
f i g u r e  1 ( b )  . 
a i r f  rame-gear 
a c c e l e r a t i o n ,  a p o t e n t i o m e t e r  t o  measure s t r u t  stroke, and a p r e s s u r e  t r a n s -  
ducer  t o  measure f l u i d  p r e s s u r e  i n  t h e  p i s t o n .  The e l e c t r o n i c  c o n t r o l  u t i l i z e s  
these da ta  i n  a f eedback  loop i n  c o n j u n c t i o n  w i t h  t he  programmed l o g i c  to  d r i v e  
the  servo-va lve  spool a n d  c o n t r o l  h y d r a u l i c  f l u i d  p r e s s u r e  i n  t h e  s h o c k - s t r u t  
p i s t o n  a n d  t h u s  c o n t r o l  t h e  force applied t o  t h e  airframe. 
Airplane Geometry and Mass D i s t r i b u t i o n  
A schematic r e p r e s e n t a t i o n  of t h e  geometric c o n f i g u r a t i o n  of t h e  s t i f f  
airframe and t h e  mass d i s t r i b u t i o n  is shown i n  f i g u r e  2.  A l l  geometr ic   dimen-  
s i o n s  are shown w i t h  r e f e r e n c e  to  t h e  a i r p l a n e  composite mass c e n t e r  ( a i r p l a n e  
c e n t e r  of g r a v i t y ,   c . g . ) .  The g e o m e t r i c   l o c a t i o n s  of a l l  mass c e n t e r s  are 
assumed to be t h e  same f o r  a l l  mass cond i t ions .   A l though  t h e  g e o m e t r i c  loca- 
t i o n  of the  hub mass cen te r  does  change  wi th  stroke,  its e f f e c t  o n  t h e  a i r p l a n e  
c .g .  is small and is  assumed to b e   n e g l i g i b l e .   I n   t h i s   s t u d y   t h e  composite 
mass c e n t e r  is located a t  t h e  most a l l o w a b l e  a f t  p o s i t i o n  of the  c e n t e r  o f  
g r a v i t y .  T h i s  l o c a t i o n  resul ts  i n  t h e  maximum load ing   (due  t o  mass changes)  
of the  main  landing  gears d u r i n g  l a n d i n g  impact a n d  r o l l - o u t .  
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Control  Hardware 
The h a r d w a r e  r e q u i r e d  f o r  t h e  s e r i e s - h y d r a u l i c  c o n t r o l  s y s t e m  is shown 
s c h e m a t i c a l l y  i n  f i g u r e  1 (b) . The s i m u l a t e d  c h a r a c t e r i s t i c s  o f  t h e  h a r d w a r e  
for t h i s  s t u d y  are t h e  same as t h o s e  o f  r e f e r e n c e  6 .  T h e  s e r v o  v a l v e  is a 
t h r e e - s t a g e ,  i n d u s t r i a l - t y p e  v a l v e  w i t h  a r a t e d  f l o w  of 0.01 26 m3/sec 
(200 gal/min)  and a maximum flow rate  of 0.01 51 m3/sec (240 ga l /min)  for  a 
6.9 MPa (1 .O k s i )  p r e s s u r e  d r o p  across t h e   v a l v e .  The c h a r a c t e r i s t i c s  of t h e  
e l e c t r o n i c  c o n t r o l  as d e s i g n e d  i n  r e f e r e n c e  6 are also u s e d  f o r  t h e  l a n d i n g  
s i m u l a t i o n s  made d u r i n g   t h i s   s t u d y .  The   l ow-pres su re   r e se rvo i r  is assumed t o  
be a t  a tmosphe r i c   p re s su re .  The h y d r a u l i c  pump is assumed t o  s u p p l y  f l u i d  t o  
the  h igh -p res su re  accumula to r  a t  a flow ra te  of  0.0006 m3/sec (9 .0  ga l /min)  
and a p r e s s u r e  o f  20.7 MPa (3.00 k s i )  , and  the  h igh -p res su re  accumula to r  is 
assumed to  s u p p l y  f l u i d  t o  t h e  s e r v o  v a l v e  a t  a c o n s t a n t  p r e s s u r e  of 20.7 MPa 
(3 .00  k s i )  . 
P a r a m e t e r  V a r i a t i o n s  
I n  t h i s  s t u d y  t o u c h d o w n  p a r a m e t e r s  c o n s i s t e n t  w i t h  l a n d i n g - a p p r o a c h  f l i g h t  
o p e r a t i o n  o f  t h e  a i r p l a n e  are  e s t a b l i s h e d .  ACOLAG was used t o  compute   the  a i r -  
p lane  dynamic  loads  and  mot ions  f rom in i t ia l  touchdown on  the  runway through 
main-  and  nose-gear impacts fo l lowed  by a p o r t i o n  o f  the g round  ro l l -ou t  phase .  
For  economic  computer  operation, it is d e s i r a b l e  t o  u s e  t h e  maximum time 
i n t e r v a l  i n  t h e  i n t e g r a t i o n  p r o c e d u r e  t h a t  s a t i s f i e s  e s t a b l i s h e d  e r r o r  toler-  
a n c e s  f o r  t h e  i n t e g r a t e d  v a r i a b l e s .  An e v a l u a t i o n  o f  t h e  maximum time i n t e r v a l  
and maximum e r r o r  t o l e r a n c e s  o f  t h e  i n t e g r a t e d  v a r i a b l e s  t h a t  c o u l d  be used 
w i t h o u t  s i g n i f i c a n t l y  c h a n g i n g  t h e  v a r i a b l e s  was conducted .  I t  was f o u n d   t h a t  
a time i n t e r v a l  o f  0.0001 sec, i n  c o n j u n c t i o n  w i t h  t h e  error t o l e r a n c e s  shown 
i n  t a b l e  I,  was t h e  maximum time i n t e r v a l  t h a t  c o u l d  be u s e d  w i t h o u t  n o t i c e a b l e  
c h a n g e s   i n   t h e   i n t e g r a t e d   v a r i a b l e s .   T h e r e f o r e ,   t h e   l a n d i n g   s i m u l a t i o n s   f o r  
t h i s  s t u d y  were made u s i n g  t h i s  time i n t e r v a l  a n d  t h e s e  error t o l e r a n c e s .  
The touchdown pa rame te r  va r i a t ions  inc lude  th ree  a i rp l ane  mass  conf igu ra -  
t i o n s :  small, medium,  and l a r g e .  The small m a s s   c o n f i g u r a t i o n   r e p r e s e n t s  a 
minimum mass  l and ing  cond i t ion ,  and  the  medium a n d  l a r g e  mass c o n f i g u r a t i o n s  
are s e l e c t e d  as 1 . 4  and 1 .8 times g r e a t e r ,  r e s p e c t i v e l y ,  t h a n  t h e  s m a l l  m a s s  
c o n f i g u r a t i o n .   S i n c e   t h e   c e n t e r   o f   g r a v i t y  i s  as f a r  a f t  as a l l o w a b l e ,   t h e  
g r e a t e r  p i t c h  mass moments o f  i n e r t i a  f o r  t h e  l a r g e r  mass  conf igura t ions  impose  
a g r e a t e r  demand on  the  main- landing-gear  cont ro l  sys tem.  
An a n a l y s i s  of 2 3 8 5  l a n d i n g s  o f  c i v i l  a i r p l a n e s  i n  r e f e r e n c e  7 i n d i c a t e s  
t h a t  o n l y  1 l a n d i n g  i n  1 0  000 had a s i n k  r a t e  e q u a l  t o  or g r e a t e r  t h a n  
1 . 5  m/sec ( 5 . 0   f t / s e c ) .   T h e r e f o r e ,   t h e  maximum d e s i g n   s i n k   r a t e   a t  touchdown 
for t h i s  s t u d y  i s  1.5 m/sec ( 5 . 0   f t / s e c ) .  To  encompass a r ange   o f   s ink  ra tes  
a t  touchdown, 0.3 m/sec (1 . 0 f t/sec) and 0.9 m/sec ( 3.0  f t/sec) were also 
s e l e c t e d .  An off-design  (emergency)   s ink r a t e  of  2.4 m/sec (8.0 f t / s e c )  was 
also i n v e s t i g a t e d .  
P i t c h  a t t i t u d e s  a n d  g r o u n d  s p e e d s  s e l e c t e d  t o  p r o v i d e  c o n s t a n t - s i n k - r a t e  
touchdowns were 7.5O and  84.4 m/sec (277 f t / s e c )  f o r  t h e  s m a l l  mass conf igu ra -  
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t i o n ,  8.7O and  91.4 m/sec (300 ft/sec) for t h e  medium mass c o n f i g u r a t i o n ,  a n d  
1 Oo and  97.8 m/sec (321 ft/sec) f o r  t h e  l a r g e  mass c o n f i g u r a t i o n .  T h e  e l e v a t o r  
d e f l e c t i o n  (ELCON = 1.0 f o r  ACOLAG) was i n i t i a l i z e d  a t  touchdown to m a i n t a i n  
t h e  a i r p l a n e  i n  a trimmed c o n d i t i o n .  
Landings were s i m u l a t e d  for t w o  o p e r a t i o n a l  r u n w a y s  w i t h  d i f f e r e n t  slopes 
a n d   u n e v e n n e s s   e l e v a t i o n   p r o f i l e s .   T h e   e l e v a t i o n   p r o f i l e s  of these   runways  are 
p r e s e n t e d  i n  f i g u r e  3 f o r  u p h i l l  slopes. For   s imu la t ed   l and ings   on   downh i l l  
slopes, t h e   u n e v e n n e s s   p r o f i l e s  are s u p e r p o s e d   o n   t h e   r e v e r s e d  slopes. Touch- 
down f o r  a l l  l a n d i n g  s i m u l a t i o n s  o c c u r r e d  a t  t h e  runway  threshold  (zero  runway 
d i s t a n c e ) .  
RESULTS AND DISCUSSION 
The r e s u l t s  o f  t h i s  a n a l y t i c a l  i n v e s t i g a t i o n  are p r e s e n t e d  to compare t h e  
performance of t h e  a i r p l a n e  w i t h  t h e  active c o n t r o l  l a n d i n g  g e a r  w i t h  t h e  per- 
f o r m a n c e   w i t h   t h e   p a s s i v e   l a n d i n g   g e a r .  Variables i n  t h e  s i m u l a t e d  c o n t r o l  
system are also p r e s e n t e d  to  i l l u s t r a t e  t h e  l i m i t a t i o n s  o f  t h e  c o n t r o l  h a r d w a r e  
a n d  l o g i c  u s e d  i n  t h i s  i n v e s t i g a t i o n .  
V a l i d a t i o n  o f  ACOLAG 
R e s u l t s  are p r e s e n t e d  i n  f i g u r e s  4 and 5 to  d e m o n s t r a t e  t h e  v a l i d i t y  o f  
t h e  ACOLAG a n a l y s i s  a n d  c o m p u t e r  p r o g r a m  f o r  p r e d i c t i n g  t h e  l a n d i n g  d y n a m i c s  o f  
a i r p l a n e s  w i t h  b o t h  p a s s i v e  a n d  a c t i v e  l o a d - c o n t r o l  m a i n - l a n d i n g - g e a r  s y s t e m s .  
Pass ive-gear  mode.- Ccmparisons of computed d a t a  from ACOLAG w i t h  d a t a  
f r o m  t h e  v a l i d a t e d  f l e x i b l e  a i r c r a f t  t a k e - o f f  a n d  l a n d i n g  a n a l y s i s  (FATOLA, 
r e f .  8 )  are made i n  f i g u r e  4 t o  d e m o n s t r a t e  t h e  v a l i d i t y  o f  ACOLAG to compute 
l and ing   dynamics   w i th   pas s ive   l and ing-gea r   sys t ems .   Land ing   dynamics  of a 
l a r g e ,  stiff a i r p l a n e  for a symmetric touchdown  on a smooth f l a t  runway were 
computed w i t h  FATOLA and ACOLAG. T h e   s i n k   r a t e  was 1 . 5  m/sec (5 .0  f t /sec),  t h e  
p i t c h  r a t e  was -0.5 deg/sec  nose  over ,  and  t h e  c . g .  v e r t i c a l  a c c e l e r a t i o n  was 
ze ro .   Compar i sons   a r e  shown i n  f i g u r e  4 of c o n t r o l   i n p u t s ,   p i t c h  ra tes ,  p i t c h  
a t t i t u d e s ,  and  main-gear s t r u t  f o r c e s  and strokes f o r  t h e  simulated l a n d i n g .  
E l e v a t o r  d e f l e c t i o n s  i n  FATOLA and ELCON i n p u t s  for s i m u l a t e d  e l e v a t o r  
c o n t r o l  i n  ACOLAG a r e  shown i n  f i g u r e  4 ( a ) .  The e l e v a t o r - c o n t r o l   i n p u t   v a r i a -  
t i o n s  f o r  ACOLAG were def ined  by  t r i a l  and error and a r e  d e n o t e d  by t h e  dashed  
l i n e  i n  f i g u r e  4 ( a ) .  T h e s e  e l e v a t o r - c o n t r o l  v a r i a t i o n s  resulted i n  good  agree- 
men t   w i th   p i t ch  ra tes ,  pi tch a t t i t u d e s ,  and time o f  n o s e - g e a r  c o n t a c t  o b t a i n e d  
from FATOLA, as shown i n  f i g u r e  4 ( b ) .  Subsequent  to nose -gea r   con tac t ,  some 
d i f f e r e n c e s  i n  p i t c h  rates r e s u l t  b e c a u s e  o f  d i f f e r e n c e s  i n  n o s e - g e a r  s i m u l a -  
t i o n s .  I n  FATOLA, t h e  more rea l i s t ic  nose -gea r   s imu la t ion  permits p i t c h - r a t e  
c h a n g e s  a s  t h e  nose -gea r  l oads  and  un loads ,  whereas  in  ACOLAG t h e  p i t c h  ra te  is 
set to  0 deg/sec and t h e  nose -gea r  fo rce  is computed to  offset  t h e  moment 
a p p l i e d  b y  t h e  m a i n  g e a r s .  T h e  p i t c h  a t t i t u d e  c o m p u t e d  i n  FATOLA is s l i g h t l y  
l a r g e r  t h a n  t h a t  o b t a i n e d  w i t h  ACOLAG fo l lowing  nose -gea r  con tac t .  
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Comparisons of main-gear s t rut  forces  are  shown i n  figure 4 ( c ) .  Strut  
forces are i n  good agreement up to nose-gear contact. Differences shown a t  
nose-gear contact result from the elevator and nose-gear simulations used i n  
ACOLAG. Beyond nose-gear  contact  the  forces s t i l l  agree well; however, s t rut  
forces from AmLAG are greater than those from FATOLA. The differences between 
the two simulations occur because i n  FATOLA the angle of attack is s l igh t ly  
greater than the zero-lift angle and i n  ACOLAG the angle is s l igh t ly  lower than 
zero-lift angle. Consequently l i f t  reduces main-gear loads i n  FATOLA and loads 
the  gear s l igh t ly  i n  A O L A G .  Main-gear strokes for the two simulations compare 
well (fig. 4 ( d )  ) , u n t i l  the differences i n  the aerodynamic l i f t  influence the 
results,  as noted for the shock-strut forces. 
The preceding comparisons indicate that the ACOLAG computer program is 
valid for computing airplane landing loads and motions for symmetric landings 
of airplanes w i t h  stiff airframes and passive main landing gears. 
Active-gear mode.- Preliminary validation of the active-gear mode  of 
ACOLAG is accomplis~hed by comparing computed data w i t h  experimental results 
obtained from the tes t  program of reference 6 .  Comparisons of  computed  and 
experimental airframe-gear forces and shock-strut strokes are presented i n  f i g -  
ure 5 for a gear s i n k  r a t e  of 1 .5  m/sec (5 .0  f t / s ec ) .  A s  shown i n  f igure 5(a) ,  
there was a force imbalance of 2.45 kN (550 l b f )  between the experimental data 
(circular symbols) and the computed resu l t s  a t  time of  touchdown. The imbal- 
ance resulted f rm d i f fe rences  i n  the simulated l i f t  force and the  iner t ia  
force  acting  at  the  strut  attachment i n  the  experiment. From  impulse-momentum 
considerations, the integral of the force-time curve from the 2.45-kN (550- lbf )  
level to the time of maximum gear stroke (0 .33  sec) dissipates the t e s t  mass 
velocity.  Therefore, it is valid to s h i f t  the  experimental  data to  re f lec t  a 
force balance a t  touchdown as  w i t h  the computed data. A comparison of the 
shifted experimental force data (dashed l i n e  i n  f i g .  5 ( a ) )  w i t h  the computed 
force data indicates good agreement i n  both magnitude and variations. The 
good agreement between the computed  and experimental s t rut  s t rokes,  shown i n  
f igure 5 ( b ) ,  further indicates the validity of shifting the force data for 
purposes of compar ison. 
These results indicate that the ACOLAG computer  program is valid for pre- 
dicting the dynamics of l i g h t  airplanes w i t h  active gears during the impact 
phase of landings. 
Operational Considerations 
Data are presented to show the operation of an active load-control system 
i n  the main landing gear of a large airplane. The data are presented as t i m e -  
history plots of airframe-gear forces, shock-strut strokes, and fuselage mass- 
center  displacements  along t h e  Zg axis  for  airplane  landing  simulations w i t h  
both  passive and active  gears. For the  active-gear  simulations,  hydraulic- 
f l u i d  flow rates and  volume  of f l u i d  transferred are also presented to i l l u s -  
t r a t e  the operational compatibility of the simulated control hardware and the 
modified  landing-gear shock s t r u t .  A l l  landing  simulations w i t h  the active 
gear were  computed w i t h  a constant pressure of 20.7 MPa (3.00 k s i )  i n  the high- 
pressure accumulator. 
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Formula ted  cons t ra in ts . -  To  assure  meaningfu l  per formance  of t h e  a c t i v e  
l o a d - c o n t r o l  m a i n  l a n d i n g  gears i n v e s t i g a t e d  i n  t h i s  s t u d y  t h e  f o l l o w i n g  opera- 
t i o n a l  c o n s t r a i n t s  were imposed: 
1 .  The control  must  never  remove a q u a n t i t y  o f  f l u i d  f r o m  t h e  s t r u t  
g r e a t e r  t h a n  t h e  volume of f l u i d  i n  t h e  p i s t o n  of t h e  f u l l y  e x t e n d e d  s t r u t  
(0.010 m3 ( 2 1 . 8  p i n t s ) ) .  
2. The  cont ro l  mus t  never  add a q u a n t i t y  of f l u i d  to  t h e  s t r u t  e q u a l  to 
or g r e a t e r  t h a n  t h e  i n s t a n t a n e o u s  v a l u e  o f  t h e  gas volume i n  t h e  s t r u t .  
3 .  The maximum s h o c k - s t r u t  stroke e n c o u n t e r e d  d u r i n g  a n y  l a n d i n g  sim- 
u l a t i o n  s h o u l d  n e v e r  e q u a l  or e x c e e d  t h e  allowable d e s i g n  stroke (0.508 m 
(20 .0   i n . )  1 .  
4.  T h e  c o n t r o l - h a r d w a r e  c h a r a c t e r i s t i c s  for a n  optimum d e s i g n  s h o u l d  
s u p p l y  h y d r a u l i c  f l u i d  a t  t h e  f low rates  r e q u i r e d  by t h e  dynamic behav io r  
of t h e  s h o c k  s t r u t .  
5. A l l  t h e  a f o r e m e n t i o n e d  c o n s t r a i n t s  m u s t  be met for t h e  r a n g e  of d e s i g n  
touchdown parameters of t h e  a i ' r p l a n e .  
6 .  The a c t i v e  l o a d - c o n t r o l  l a n d i n g  g e a r  m u s t  be a d a p t a b l e  f o r  accommodat- 
ing  g rea t e r  t han  des ign  touchdown s ink  ra tes  which may be e n c o u n t e r e d  i n  emer- 
g e n c y  s i t u a t i o n s .  
P e r f o r m a n c e  w i t h i n  c o n s t r a i n t s . -  T o  show o p e r a t i o n  w i t h i n  t h e  i m p o s e d  
c o n s t r a i n t s ,  typical data are p r e s e n t e d  i n  f i g u r e  6 for l a n d i n g  s i m u l a t i o n s  o f  
a l l  t h e  a i r p l a n e  mass c o n f i g u r a t i o n s  a t  a touchdown  sink r a t e  of  0.9 m/sec 
(3.0 f t / s e c )  o n  runway A w i t h  both  u p h i l l   a n d   d o w n h i l l  slopes. Data for t h e s e  
mass c o n f i g u r a t i o n s   f o r   o t h e r   t o u c h d o w n   s i n k  rates,  runway slopes, and  runway 
unevenness are p r e s e n t e d   i n  t he  a p p e n d i x .   T a b u l a t e d   r e s u l t s  are shown i n  
t a b l e  I1 for a l l  a i r p l a n e  l a n d i n g  s i m u l a t i o n s  o n  r u n w a y  A w i t h  a c t i v e  load- 
con t ro l   ma in  gears. The data are p r e s e n t e d  as follows: percent   a i r f rame-gear -  
force r e d u c t i o n s  o f  t h e  a c t i v e  gear r e l a t i v e  t o  t h e  p a s s i v e  g e a r  d u r i n g  i n i t i a l  
impact and  main-gear  response t o  nose-gear impact; maximum flow ra te  of f l u i d  
from and i n t o  t h e  s t r u t ;  maximum volume of f l u i d  removed from or added to  t h e  
s t r u t ;  maximum s h o c k - s t r u t  stroke e n c o u n t e r e d  d u r i n g  l a n d i n g  s i m u l a t i o n s ;  a n d  
the  a l lowab le  vo lume  of f l g i d  t h a t  c o u l d  b e  a d d e d  to  t h e  s t r u t .  
The maximum volume of  the  f lu id  removed f r m  t h e  s t r u t  d u r i n g  t h e  l a n d i n g  
s i m u l a t i o n s  was 0.0081 m3 (1 7 . 2 0  p i n t s ) ,  w h i c h  is a p p r o x i m a t e l y  7 9  p e r c e n t  o f  
t h e  a l l o w a b l e  volume, a n d  o c c u r r e d  f o r  t h e  medium mass c o n f i g u r a t i o n  a t  a s i n k  
ra te  of  1 .5 m/sec (5.0 f t/sec) o n  t h e  u p h i l l  slope of runway A.  The maximum 
volume of f l u i d  a d d e d  t o  t h e  s t r u t  was 0.0072 m3 (1 5.10 p i n t s )  , which is  
approx ima te ly  56 p e r c e n t  of t h e  a l l o w a b l e  v o l u m e  a n d  o c c u r r e d  d u r i n g  t h e  
l a n d i n g  s i m u l a t i o n  o f  t he  large mass c o n f i g u r a t i o n  a t  a s i n k  ra te  of  1 .5  m/sec 
(5.0 ft/sec) o n  t h e  u p h i l l  slope of runway A. The maximum s h o c k - s t r u t  stroke 
used by t h e  a c t i v e  gear was 0.480 m (18.9  in . ) ,   which is 95  pe rcen t  o f  allow- 
able stroke a n d  o c c u r r e d  d u r i n g  i n i t i a l  impact o f  t h e  l a n d i n g  for t h e  large 
mass c o n f i g u r a t i o n  a t  a s i n k  ra te  of 1 .5  m/sec (5.0 ft/sec) o n  t h e  u p h i l l  slope 
of runway A. 
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The servo valve became saturated (maximum displacement of servo-valve 
spool, +O. 0025 m (kO.10 i n .  1 ) during the removal of f lu id  from t h e  s t r u t   a t  
i n i t i a l  impact f o r  a l l  landing simulations, indicating that the control- 
hardware character is t ics  used were not for an  optimum design. However, t h i s  
nonoptimum design was suf f ic ien t  to  subs tan t ia l ly  reduce the forces w i t h  the 
active gear  during i n i t i a l  impact.  Therefore,  the  performance of the active 
load-control gear has been demonstrated over the design range of touchdown 
parameters w i t h i n  the imposed constraints. 
The adaptabili ty of the active load-control gear to accommodate off-design 
s i n k  ra tes  is i l lus t ra ted  by data presented i n  figure 7.  Airframe-gear forces 
are shown i n  figure 7(a) for landing simulations of the large mass configura- 
tion w i t h  both passive and active gears. Landings were made on the uphill  
slope of  runway A w i t h  a s i n k  r a t e  of 2.4 m/sec (8.0 f t /sec)  . The control 
logic  was the same as that used w i t h  design s i n k  ra tes .  Following i n i t i a l  
impact the airplane rebounded from the runway  and sustained second impacts a t  
s i n k  rates of approximately 1 . 2  m/sec ( 3 . 9  f t/sec) and 1 . 4  m/sec ( 4 . 7  f t/sec) 
for  the  passive and active  gears,  respectively.  After  initial impact the 
active-gear control had transitioned from the impact limit force to a roll-out 
limit force of zero. The designed  force limits of k8.896 kN (k2000 l b f )  were 
too low and the allowable shock-strut stroke was exceeded during the second 
impact for t h i s  simulated emergency condition.  Consequently,  the  present 
control logic requires modifications which w i l l  either increase the roll-out 
force limits i f  the touchdown s i n k  r a t e  is greater than the maximum s i n k  r a t e  
for which the control was designed, or reset  the control to the impact mode 
following rebound. For t h i s  s t u d y  the  roll-out  force limits were increased 
from k8.896 kN ( k 2 0 0 0  l b f )  to  k133.45 kN ( k 3 0  000 l b f )  . A s  a resul t  of these 
large roll-out force limits, the control was not required after the second 
impact and the maximum stroke capability of the shock s t r u t  was not exceeded, 
as shown i n  f igure 7 ( b )  . The force reductions after nose-gear impact resu l t  
from changes i n  shock-strut pressure and f l u i d  volume effected by the control 
during the i n i t i a l  and second impacts. 
The performance of the active load-control main landing gear simulated 
i n  t h i s  s tudy  has t h u s  been demonstrated for operation w i t h i n  the imposed 
constraints. 
Effect of accumulator pressure and pump capacity.- The airplane landing 
simulations w i t h  active load-control gears were made w i t h  the assumption of a 
constant 20.7 MPa (3.00 k s i )  pressure i n  the  high-pressure  accumulator. To 
maintain t h i s  pressure w i t h  the large flow rates  encountered would require a 
more massive accumulator or a hydraulic pump w i t h  a large pumping capacity 
requiring excessive power. A limited s t u d y  was conducted to  determine the 
effect  of varying accumulator pressure and pump capacity on the performance of 
t h e  active gear. Results of the study are presented i n  figure 8 for airplane 
landing simulations of the large mass configuration on the uphill slope of 
runway A a t  a touchdown s i n k  ra te  of 1 .5 m/sec (5 .0 f t/sec) . These conditions 
required the largest transfer of f l u i d  from the high-pressure accumulator t o  
the shock s t ru t .  (See  table 11.) 
Two accumulator-volume and ump-capacity combinations were investigated: 
an accumulator volume  of 0.038 my (1 0.0 gal) and a pump capacity of 
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0.0006 m3/sec ( 9  gal/min) ; and an accumulator volume of 0.01 9 m3 (5.0 gal)  
and a pump capacity of 0.0032 m3/sec ( 5 0  gal/min) . A s  shown i n  figure 8 ( a ) ,  
neither ambination of accumulator volume  and pump capacity had  any appreciable 
effect  on the airframe-gear force. However, figure 8(b) shows that  the shock- 
strut extension is less for these two combinations compared w i t h  the extension 
for the constant accumulator pressure during the high-pressure phase of opera- 
tion. The shock-strut  extension  for  the 5-gal  accumulator and the 50-gal/min 
pump is l e s s  than that for t h e  10-gal  accumulator and 9-gal/min pump. These 
data indicate that the results of the parametric study a t  a constant accumu- 
lator pressure during the high-pressure phase of control operation are 
conservative. 
Effect of braking.- An investigation of the effects of the combined opera- 
tion of the active load-control gear and a simplified antiskid braking system 
was conducted for the large mass configuration w i t h  a s i n k  ra te  of 0.9 m/sec 
( 3 . 0  f t /sec)  on the uphill slope of  runway A .  Airframe-gear-force and shock- 
strut-stroke time his tor ies  are  shown i n  figure 9 for brake application after 
nose-gear impact. Comparison of figures  9(a) and 9(b) w i t h  figures 6 ( i )  
and 6( j ) ,  respec t ive ly ,  i l lus t ra tes  the  e f fec t  of braking on the airplane 
landing  simulations w i t h  passive and active gears. Following  brake application 
w i t h  passive gears, the magnitudes of the airframe-gear forces and shock-strut 
strokes  increase. The active  gear, however, controls  the  airframe-gear  forces 
effectively during  braking, b u t  a t  a higher  frequency of operation. Shock- 
strut strokes for the active gear ( f ig .  9 (b)  ) indicate that the stroke returns 
to the designed s ta t ic  s t roke  more rapidly w i t h  braking than without braking 
( f ig .  6 (j) ) . N o  detrimental effects on the performance of the active gear 
coupled w i t h  the simplified antiskid braking were encountered.  Indeed, it is 
possible that improved braking performance could be realized, since the active 
gear maintains a more constant force at the tire-runway interface than the 
passive gear. 
Comparison of Passive and Active Gear Results 
The typical data presented i n  f igure 6 and the tabulated data shown i n  
tables I1 and I11 are used to  compare the results obtained for the active load- 
control gear w i t h  those obtained for the passive gear. These comparisons are 
made for airframe-gear forces and shock-strut strokes, fuselage mass-center 
displacements, and cyclic forces. 
Airframe-gear forces and shock-strut strokes.- The airframe-gear forces 
and shock-strut strokes computed for typical airplane landing simulations w i t h  
both passive and active main gears are compared i n  figure 6 for the same land- 
ing conditions. The various  phases of the landing simulations are shown i n  
f igure 6(a) for both types of main gears. The i n i t i a l  impact and rebound phase 
for the airplane w i t h  the passive gear d i f fe rs  from that w i t h  the active gear, 
since the active gear reduces the shock-strut force (at the expense of 
increased shock-strut stroke, fig. 6 (b) ) . The reduced shock-strut force 
resu l t s  i n  smaller  airframe-gear and ground forces. Nose-gear contact 
occurred a t  approximately the same time for the landing simulations w i t h  both 
passive and active gears, indicating that the rotational impulse applied to 
the airplane was approximately the same w i t h  both passive and active gears 
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during the impact phase and t h e  rebound and rotat ion to  nose-gear contact 
phase. Since t h e  airframe-gear and ground forces were smaller w i t h  the active 
gear than they were wi th  the passive gear, t he  moment applied to the airplane 
during the impact and rebound phase had to  be sustained for a longer period of 
time. T h i s  was the case, as shown  by the  longer  period of decelerating (nega- 
t i v e )  airframe-gear force (fig. 6 (a) ) and also by the greater period of ground- 
force application as indicated by the sustained shock-strut stroke for the 
active gear ( f ig .  6 (b) )  . During nose-gear  impact, the  airframe-gear  force  for 
t h e  airplane landing simulation w i t h  the active gear was l e s s  than that w i t h  
the passive gear. The shock-strut stroke was only slightly greater than that 
of the passive gear for the small mass configuration (fig. 6(b)) , b u t  was sus-  
tained at a greater stroke for a longer period of time. Subsequent t o  nose- 
gear impact (during  the  roll-out  phase),  the  airframe-gear  force  for  the  land- 
i n g  simulation w i t h  the active gear was generally smaller than that of the 
passive gear and the shock-strut strokes were approximately the same for the 
small mass configuration. 
The resul ts  of the airframe-gear-force comparisons for the landing simula- 
tions of the medium  and large mass configurations ( f i g s .  6 (e) , 6(g ) ,  6 (i) , 
and 6 ( k )  ) are the same as those for the small mass configuration ( f i g s .  6 ( a )  
and 6 ( c ) ) .  The resul ts  of the shock-strut-stroke comparisons for the larger 
mass configurations are the same as those of the small mass configuration dur- 
i n g  t he  in i t i a l  impact and  rebound phase. However, during the rotation to 
nose-gear contact, the shock-strut strokes for the larger mass configurations 
show that the main gear does not extend as much as it d i d  w i t h  the small mass 
configuration. T h i s  shortened  stroke is indicative of reduced airplane 
motions. I n  addition,  during  the nose-gear impact and roll-out  phases,  the 
shock-strut strokes for the active gear were l e s s  than those of the passive 
gear  because of the control logic employed. However, as the time during roll- 
out increased, the shock-strut stroke of the active gear  approached that of the 
passive gear, which  had attained the value of stroke required to support the 
s t a t i c  mass  of the airplane. 
The tabulated percent force-reduction data presented i n  table I1 are used 
to  i l lustrate  the effect iveness  of the active load-control gear and to aid i n  
discussion of the effects of airplane mass, touchdown s i n k  ra te ,  and  runway 
slope on airframe-gear  forces. The active  load-control gear was most effective 
i n  reducing the airframe-gear forces during main-gear response to  nose-gear 
impact, as shown by the large values of percent force reduction i n  table 11. 
Significant reductions were also achieved during the initial-impact phase for 
a l l  the  landing  simulations  investigated. The airframe-gear-force  reductions 
generally increased for the larger mass configurations for landing simulations 
a t  the same touchdown s i n k  ra te  and  on the same  runway slope during both i n i -  
t i a l  impact and main-gear response to nose-gear  impact. For the same mass 
configuration and runway slope, the airframe-gear-force reductions generally 
increased for the larger touchdown s i n k  ra tes .  The effect  of  runway slope was 
primarily discernible during init ial  impact, for which the airframe-gear-force 
reduction was generally greater for the landing simulations on the uphill run- 
way slope at constant mass  and  touchdown s i n k  ra te .  T h i s  resul t  is to  be 
expected, since the airframe-gear forces for t h e  passive-gear landing simula- 
tion are greater because of the added  component  of s i n k  r a t e  due to airplane 
horizontal motion into the uphill slope. The airframe-gear forces for the 
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a c t i v e - g e a r  l a n d i n g  s i m u l a t i o n  were e s s e n t i a l l y  t h e  same f o r  l a n d i n g  s i m u l a -  
t i o n s  o n  u p h i l l  or downhill   runway slopes. A similar e f f ec t   o f   runway  slope 
on airframe-gear-force r e d u c t i o n  o c c u r r e d  d u r i n g  t h e  r o l l - o u t  p h a s e  a n d  is 
most p r o n o u n c e d  f o r  t h e  l a n d i n g  s i m u l a t i o n s  of t h e  large mass c o n f i g u r a t i o n  
( f ig s .  6 ( i )  a n d   6 ( k ) ) .  
T h e  f o r e g o i n g  r e s u l t s  i n d i c a t e  t h a t  t h e  a c t i v e  l o a d - c o n t r o l  gear is e f f e c -  
t ive  i n  r e d u c i n g  t h e  airframe-gear force r e l a t i v e  to t h a t  o c c u r r i n g  w i t h  t h e  
p a s s i v e  gear d u r i n g  a l l  phases   o f  a l a n d i n g .  T h e  e f f e c t i v e n e s s  of t h e  a c t i v e  
gear was most p ronounced  fo r  t hose  touchdown cond i t ions  wh ich  r e su l t  i n  large 
a i r f r a m e - g e a r  f o r c e s  w i t h  t h e  p a s s i v e  gear; t h a t  is, large airplane masses, 
h igher   touchdown  s ink  ra tes ,  and  uphi l l   runway slopes. 
Fuse lage  mass -cen te r  d i sp l acemen t s  .- Compar i sons  o f  a i rp l ane  mot ions  fo r  
l a n d i n g  s i m u l a t i o n s  w i t h  b o t h  p a s s i v e  a n d  a c t i v e  m a i n  gears are made w i t h  t h e  
t y p i c a l   d a t a  shown i n   f i g u r e  10. G r a v i t y   v e r t i c a l   a x i s  Zg d i sp l acemen t s   o f  
t h e  f u s e l a g e  mass cen te r ,  wh ich  is l o c a t e d  3.05 m (10 .0  f t )  f o r w a r d  o f  t h e  
a i r p l a n e  composite mass c e n t e r  ( a i r p l a n e  c . g . 1  , are shown, r e l a t i v e  t o  its 
d i sp lacemen t  a t  touchdown, as a f u n c t i o n   o f  time. The d a t a   p r e s e n t e d  are for 
s i m u l a t i o n s  o f  t h e  medium mass c o n f i g u r a t i o n  o n  t h e  u p h i l l  slope of runway A a t  
each of the   touchdown  s ink  ra tes  i n v e s t i g a t e d .  The   var ious   phases  of the   l and -  
i n g  s i m u l a t i o n s  w h i c h  a f f e c t  t h e  a i r p l a n e  m o t i o n  a r e  i n d i c a t e d  i n  f i g u r e  1 O(a) . 
S i n c e  v e r y  l i t t l e  r o t a t i o n  o c c u r s  d u r i n g  i n i t i a l  impact, t h e  s h o c k - s t r u t  stroke 
is p r i m a r i l y   r e s p o n s i b l e  for t h e  fuse lage   mass-center   d i sp lacement .   Subsequent  
to  i n i t i a l  impact and prior to  nose -gea r  con tac t ,  t h e  fuselage mass-center   dis-  
placement  is due  to a i rp l ane   r ebound   and   ro t a t ion .   Fo l lowing   nose -gea r   con tac t  
and impact, t h e  d i s p l a c e m e n t  r e s u l t s  from the  change  in  runway  e l eva t ion  due  t o  
t h e  u p h i l l  slope. 
The  fuse l age  mass -cen te r  d i sp l acemen t s  for t h e  l a n d i n g  s i m u l a t i o n  w i t h  t h e  
a c t i v e  gear are greater d u r i n g  i n i t i a l  impact t h a n  t h o s e  o c c u r r i n g  w i t h  t h e  
p a s s i v e  g e a r  b e c a u s e  o f  t h e  g r e a t e r  s h o c k - s t r u t  stroke r e q u i r e d  by t h e  a c t i v e  
gear .   However ,   dur ing  rebound from i n i t i a l  impact a n d   r o t a t i o n   t h r o u g h   n o s e -  
g e a r  impact, t h e   d i s p l a c e m e n t s  are s i g n i f i c a n t l y  r e d u c e d  by t h e  a c t i v e  gear 
compared w i t h  those of t h e  p a s s i v e  gear. T h i s  r e d u c t i o n   i n   d i s p l a c e m e n t  
r e s u l t s  f r o m  the  reduced rebound of t h e  a i r p l a n e  w i t h  t h e  a c t i v e  g e a r  d u e  to  
c o n t r o l l e d  v a r i a t i o n s  o f  t h e  s h o c k - s t r u t  stroke. The  magni tude  of   the  second-  
a r y  m o t i o n s ,  w h i c h  o c c u r  w i t h  t h e  p a s s i v e  gear d u r i n g  the  r o l l - o u t  p h a s e ,  is 
reduced by t h e  a c t i v e  g e a r  t h r o u g h  c o n t r o l  o f  t h e  s h o c k - s t r u t  f o r c e  a n d  s t roke.  
T h e s e  r e s u l t s  are typical of those o b t a i n e d  d u r i n g  t h e  a i r p l a n e  l a n d i n g  
s i m u l a t i o n s  for t h e   s m a l l   a n d  la rge  mass c o n f i g u r a t i o n s .   T h e s e   r e s u l t s   i n d i -  
cate t h a t  t h e  a c t i v e  gear is e f f e c t i v e  i n  r e d u c i n g  a i r p l a n e  m o t i o n s  f o l l o w i n g  
i n i t i a l  impact. 
C y c l i c  forces.- The c y c l i c  f o r c e s  o n  a n  a i r p l a n e  s t ructure  are impor t an t  
s i n c e  t h e  f a t i g u e  damage s u s t a i n e d  by t h e  s t r u c t u r e  is p r i m a r i l y  a f u n c t i o n  o f  
c y c l i c  l o a d i n g s  d u e  to the  ground-air-ground loads, maneuver  loads ,  gus t  loads, 
a c o u s t i c   l o a d s ,   a n d   g r o u n d   o p e r a t i o n a l   l o a d s .   F o r  most parts of a c o n v e n t i o n a l  
t r a n s p o r t  a i r p l a n e  s t r u c t u r e ,  t h e  f a t i g u e  damage s u s t a i n e d  f r o m  c y c l i c  g r o u n d  
o p e r a t i o n a l  l o a d s  is s m a l l  compared w i t h  t h e  f a t i g u e  damage s u s t a i n e d  d u r i n g  
o t h e r  phases of o p e r a t i o n .   H w e v e r ,   t h e   a p p l i c a t i o n  of a c t i v e  c o n t r o l s  to  
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reduce aerodynamic maneuver and/or gust loads or increased operation of super- 
sonic cruise airplanes at  alt i tudes where the number of gusts encountered are 
considerably smaller w i l l  cause the ground operational loads to become propor- 
tionately more important. 
A comparison of the typical airframe-gear-force time histories presented 
i n  figure 6 for the simulated airplane landings w i t h  passive and active gears 
shows that the magnitude of the cyclic forces w i t h  the active gear was substan- 
t i a l l y  l e s s  than tha t  w i t h  the passive gear during a l l  phases of the landings. 
An in-depth structural-fatigue analysis i s  not considered appropriate for the 
analytical data presented i n  t h i s  paper; however, to obtain an indication of 
the effect of the reduction i n  cyclic forces on fatigue damage, obtained w i t h  
the active gear, the following procedure was used. The f a t igue  l i f e  of a 
structure (ref.  4) , for f u l l y  reversed stress, may be expressed by 
where 
A a constant  for a given  material and loading  pattern 
N number  of cycles  to  failure 
u peak-to-peak s t ress  
and the exponent 5 is a typical value used i n  structural-fatigue analysis and 
is the value used i n  t h i s  s t u d y .  Since the airplane structure i n  t h i s  s t u d y  
is the same for l a n d i n g  simulations w i t h  the passive and active gears, the 
term A is a constant and force reductions are equivalent to stress reductions. 




where F represents  the peak-to-peak forces and subscripts p and a repre- 
sent  passive and active  gears,  respectively.  Fatigue damage D can be defined 
as the inverse of the  fa t igue  l i fe ,  tha t  is, 
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Hence,   the  damage t o  t h e  s t r u c t u r e  w i t h  t h e  active g e a r  r e l a t i v e  t o  t h a t  w i t h  
the p a s s i v e  g e a r  is 




The damage o c c u r r i n g  w i t h  t h e  p a s s i v e  g e a r  is assumed to  be u n i t y  to  permit 
e v a l u a t i o n  o f  t h e  r e l a t i v e  damage o c c u r r i n g  w i t h  t h e  a c t i v e  g e a r .  
Results of t h e  a p p l i c a t i o n  of t h i s  p rocedure  t o  t h e  c y c l i c  a i r f r a m e - g e a r  
forces o b t a i n e d  f r o m  l a n d i n g  s i m u l a t i o n s  of t h e  l a r g e  mass c o n f i g u r a t i o n  w i t h  
p a s s i v e  a n d  a c t i v e  g e a r s  a t  a touchdown  sink r a t e  of  0.9 m/sec ( 3 . 0  f t / s e c )  o n  
t h e  u p h i l l  slope of runway A are shown i n  f i g u r e  1 1 .  N e g a t i v e  a n d  p o s i t i v e  
fo rce  bounds  for t h e  p a s s i v e  a n d  a c t i v e  g e a r s  were o b t a i n e d  b y  a v e r a g i n g  t h e  
rms va lues  o f  t h e  p e a k  nega t ive  and  p e a k  p o s i t i v e  f o r c e s  m e a s u r e d  d u r i n g  t h e  
l a n d i n g   s i m u l a t i o n s .  Summing t h e   a b s o l u t e   v a l u e s  of t h e  force bounds resul ts  
i n  t h e  a v e r a g e  o f  t h e  rms v a l u e s  of a l l  peak- to-peak  forces equa l  to  59.920 kN 
(13  471 l b f )  for  t h e   p a s s i v e  gear FP and  14.13 kN ( 3 1 7 7   l b f )   f o r  t h e  a c t i v e  
gea r  Fa. App ly ing   t hese  forces i n   t h e   r e l a t i v e  damage e q u a t i o n   g i v e s  
Da (14.13 )5 
" - = 0.0007 
S i n c e  t h e  s t r u c t u r a l - f a t i g u e  damage which  o c c u r s  w i t h  t h e  p a s s i v e  g e a r  is 
assumed to be u n i t y ,  t h e  damage  wh ich  occur red  wi th  the  ac t ive  gea r  fo r  t h e  
same l a n d i n g  c o n d i t i o n s  was less than  1 p e r c e n t  o f  t h a t  r e s u l t i n g  w i t h  t h e  
p a s s i v e  gear. 
The data o b t a i n e d  f r o m  a p p l y i n g  t h i s  p r o c e d u r e  t o  a l l  l a n d i n g  s i m u l a t i o n s  
of t h i s  s t u d y  are p r e s e n t e d  i n  t a b l e  111. The data are p r e s e n t e d  as peak neg- 
a t ive a n d  p o s i t i v e  rms ave rage  fo rces  and  rms ave rage  p e a k - t o - p e a k  forces 
(FP  and Fa) f o r   l a n d i n g   s i m u l a t i o n s   w i t h   b o t h   p a s s i v e   a n d   a c t i v e  gears. The 
p o t e n t i a l  o f  the  a c t i v e  g e a r  to  r e d u c e  s t r u c t u r a l  f a t i g u e  damage ( r e l a t i v e  to  
t h a t  o f  t h e  p a s s i v e  g e a r )  is also shown f o r  e a c h  l a n d i n g  s i m u l a t i o n  made d u r i n g  
t h e   s t u d y .  The ave rage  value of t h i s   f a t i g u e  damage is 0 . 1 4 ;   t h a t  is, s t r u c -  
t u r a l  f a t i g u e  d a m a g e  w i t h  t h e  a c t i v e  gear was 86 p e r c e n t  less t h a n  t h a t  w h i c h  
would  o c c u r  w i t h  t h e  p a s s i v e  gear. 
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CONCLUDING REMARKS 
T h i s  paper presents the results of a study to evaluate the capability of 
ACOLAG for predicting the landing dynamics of airplanes w i t h  passive and active 
main gears, and resul ts  of the application of that  program to  an analytical  
investigation of the dynamic behavior during landing of a large airplane 
equipped w i t h  both types of main gears. 
Correlations between computed data from ACOLAG, computed data from FATOLA, 
and preliminary experimental drop-test data (for a modified active control main 
gear from a l i g h t  airplane) indicate that ACOLAG is valid for predicting the 
landing dynamics of airplanes w i t h  both passive and active load-control main 
landing  gears.  Results from the analytical parameter s t u d y  show that the 
active load-control gear performs w i t h i n  formulated operational constraints. 
The operation of a simplified antiskid braking system was  hown to  have no 
detrimental effects on the performance of the active gear, and it  is possible 
that improved braking performance could be obtained w i t h  the active gear. A 
comparison of the passive- and active-gear results indicates that the active 
gear is more effective i n  reducing airframe-gear forces than the passive gear 
€or a l l  parameters investigated and during a l l  phases of a landing. The 
effectiveness of the active gear was most pronounced for those touchdown  con- 
dit ions which  would resul t  i n  developing large airframe-gear forces w i t h  the 
passive gear, that is, large airplane masses,  higher touchdown s i n k  ra tes ,  and 
uphill runway slopes. The active gear is also effective i n  reducing  airplane 
motions following i n i t i a l  impact. The reduction i n  cyclic forces resulting 
from use of the active gear indicates the potential for significant reductions 
i n  structural  fatigue damage during ground operations. 
Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
October 16 ,  1979 
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APPENDIX 
ADDITIONAL DATA FOR AIRPLANE LANDING SIMULATIONS 
T h i s  a p p e n d i x  p r e s e n t s  data f o r  a i r p l a n e  l a n d i n g  s i m u l a t i o n s  o f  t h e  small 
mass c o n f i g u r a t i o n  a t  a touchdown sink ra te  of  1 . 5  m/sec (5 .0  f t/sec) o n  t h e  
u p h i l l  a n d  d o w n h i l l  slopes o f  t h e  more uneven  runway  (runway B) . Data are also 
p r e s e n t e d  f o r  t h e  a i r p l a n e  l a n d i n g  s i m u l a t i o n s  o f  a l l  mass c o n f i g u r a t i o n s  a t  
touchdown  s ink rates of  0.3 m/sec (1 .0  f t / s ec )  and  1 .5  m/sec (5.0 f t / s e c )  o n  
t h e  u p h i l l  and downhill  slopes of runway A. 
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(a)  Airframe-gear forces: uphill  runway. 
Figure A1.- Airframe-gear  force  and  shock-strut-stroke time  histories for landing  simulations of 
airplane  with  passive  and  active  main  gears.  Small  mass  configuration:  runway B; sink  rate, 
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(b) Shock-strut strokes; uphill runway. 
Figure A1 .- Continued. 
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(c) Airframe-gear  forces; downhill runway. 
Figure A1 .- Continued. 
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(a) Airframe-gear  forces;  uphill  runway;  sink  rate, 0.3 m/sec (1 . O  ft/sec). 
Figure A2.- Airframe-gear-force  and  shock-strut-stroke  time  histories for landing  simulations of 













Active  gear 
Passive  gear _"" 
- 22 












0 I 2 3 4 5 6 7 8 go 
-6 
- 4  
Time, sec 
(b) Shock-strut  strokes; u p h i l l  runway; s i n k  ra te ,  0.3 m/sec ( 1  .O ft/sec) . 
Figure  A2.- Continued. 
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(c) Airframe-gear forces; uphill runway; s i n k  ra te ,  1.5 m/sec (5.0 f t / s ec ) .  
Figure A2.- Continued. 
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(d)  Shock-strut  strokes;  uphill  runway; sink rate, 1.5 m/sec (5.0 ft/sec) . 
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(e) Airframe-gear  forces;  downhill  runway;  sink  rate, 0.3 m/sec (1.0 ft/sec). 
Figure A2.- Continued. 
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(f) Shock-strut  strokes; downhill  runway; s i n k  rate, 0 . 3  m/sec (1 .0 ft/sec). 
F igu re  A2.- Continued. 
h) 
W 
-Active  gear _"" Passive  gear -I- 
-%X t o3 
- -30 
Airframe- ; 
gear force, -80 
- -20 
Airframe- 
kN gear  force, 
I bf 
-40 - -10 
0 0 
40 - IO 
k T o u c h d o w n  * Nosegear 
80 contact 
0 I 2 3 4 5 6 7 8 920 
1 1  
Time,  set 
X 
(4) Airframe-gear forces; downhill runway; s i n k  ra te ,  1 . 5  m/sec (5.0 f t / sec) .  
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(h )  Shock-strut strokes; downhill  runway; s ink  rate, 1 . 5  m/sec ( 5 . 0  f t/sec) . 
Figure  A2 .- Concluded. 
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(a) Airframe-gear  forces;  uphill  runway;  sink  rate, 0.3 m/sec (1 . O  ft/sec). 
Figure A3.- Airframe-gear-force  and  shock-strut-stroke  time  histories for landing  simulations of 
airplane  with  passive  and  active  main  gears.  Medium  mass  configuration;  runway A. 
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(b) Shock-strut strokes: u p h i l l  runway: s i n k  rate,  0 . 3  m/sec (1  . O  f t /sec) .  
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(c) Airframe-gear  forces;  uphill  runway;  sink  rate, 1.5 m/sec (5.0 ft/sec). 
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(a) Shock-strut  strokes; u p h i l l  runway; s i n k  ra te ,  1.5 m/sec (5.0 ft/sec). 
F igu re  A3.- Continued. 
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(e )  Airframe-gear  forces;  downhill runway; s i n k   r a t e ,  0 . 3  m/sec ( 1 . 0  ft/sec). 
Figure  A3 .- Continued. 
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( f )   Shock- s t ru t  strokes; downhill  runway; s ink  ra te ,  0 . 3  m/sec (1.0 f t /sec).  
F igu re  A3.- Continued. 
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(9) Airframe-gear  forces;  downhill runway: sink  rate, 1.5 m/sec (5.0 ft/sec). 
Figure A3 .- Continued. 
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(a) Airframe-gear  forces;  uphill  runway;  sink  rate, 0.3 m/sec (1.0 ft/sec). 
Figure A4.- Airframe-gear-force  and  shock-strut-stroke  time  histories  for  landing simulations of 
airplane  with  passive  and  active  main  gears.  Large  mass  configuration;  runway A.  
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(b) Shock-strut  strokes;  uphill  runway;  sink  rate, 0.3 m/sec (1.0 ft/sec). 
Figure A4.- Continued. 
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(c) Airframe-gear forces; uphill runway;  sink rate, 1.5 m/sec (5.0 ft/SeC). 
Figure A4.- Continued. 
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Figure A4.- Continued. 
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(e)  Airframe-gear  forces;  downhill  runway;  sink  rate, 0.3 m/sec (1.0 ft/sec). 
Figure  A4 .- Continued. 
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( f )  Shock-s t ru t  strokes; downhill  runway; sink rate,  0.3 m/sec ( 1  . O  ft/sec) . 
Figure  A4.- Continued. 
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(h)   Shock-strut  strokes; downhil l   runway;   s ink  ra te ,  1 .5  m/sec (5.0 f t /SeC) 
F igu re  A4 .- Concluded. 
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TABLE I.- INTEGRATION ERROR  TOLERANCES KIR DEPENDENT  VARIABLES 
Dependent variable 
T r a n s l a t i o n a l  velocities, m/sec (f  t/sec) 
R o t a t i o n a l  velocities, rad/sec 
T r a n s l a t i o n a l  d i s p l a c e m e n t s ,  m ( f t )  
R o t a t i o n a l   d i s p l a c e m e n t s ,  rad 
S h o c k - s t r u t   h y d r a u l i c   p r e s s u r e ,   P a  ( l b f / f t 2 )  
Servo-valve spool a c c e l e r a t i o n ,  cm/sec2  ( in/sec2) 
Servo-valve spool velocity,  cm/sec ( i n / s e c )  
Servo-valve spool d i sp lacemen t ,  cm ( i n . )  
H y d r a u l i c  f l u i d  flow rates,  m3/sec (gal /min)  
F l u i d   v o l u m e   t r a n s f e r r e d ,  m3 ( p i n t s )  
Upper bound of local 
re la t ive  t r u n c a t i o n  
error 
. ~~ .. " ~- 
0.0003 (1.0 x 
0.01 
0.0003 (1.0 x 
0.01 
2.54 (1 .OO) 
0.0254  (1 . O O  x 
0.000254 (1 . O O  x 1 0-4) 
2.83 x l oe5  (5.98 x 
48.3 (1 .01) 




TABLE 11.- RESULTS OF PARAMETER STUDY FOR  LANDING  SIMULATIONS ON RUNWAY A WITH  ACTIVE  LOAD-CONTROL GEAR 
Touchdown Percent force reduction, 
sink  rate loo* (1 - Fa/FD) 
Main-gear  response 
I to  nose-gear  impact
Maximum  flow 
rate  from  strut 
Maximum  fluid  Maximum  flow  Maximum  strut Maximum fluid 
removeda rate into strut stroke added 
Allowable  added 
fluidb 
m3 1 pints 
~~ ~~ ~ 
Small mass configuration,  uphill slope 
0.3  1.0 
28.2 .0133 12.8  .325 .4 .0002 242 .015 12.5  .0 59213 .013 48 24 5.0  1.5 
24.1 .0114 11.3 .287 .4 .0002 199 .013 8.4 .0040 166 .010 57 15 3.0  .9 
22.9 0.0108  11.0  0.279  0.2 0.0001 254 0.016 5.0 0.0024  151  .010 51 7 
8 -1 3 
48 
Small mass configuration,  downhill slope 
0.009 
28.2  .0133  11.9  .302 .9 .0004 302 .019 10.4  .0 4197 .012 
28.0 .0132 10.9 .277 .6 .0003  229  .014 6.0 .0028 157 .010 
25.0  0.0118  10.4 0.264 0.8 0.0004 172 0.011 1.5 0.0007 142 
Medium mass configuration,  uphill  slope 
0.3  1.0 
26.6 .0126 17.5  .445 14.0 .0066 290 .018 17.2  .0 81224  .014 55 48 5.0 1 .5 
22.0 .0104  13.0 .330 6.8 .0032 205 .013 12.7 .0060 173 .011 48 24 3.0 .9 
18.5 0.0088 11.9 0.302 5.2 0.0025 163 0.010 10.3  049 156 0.010 67 15 
Medium  mass  configuration,  downhill  slope 
60 
69 
Large  mass  configuration,  uphill  slope 
0.3  1.0 
26.8 .0127 18.9 .480 15.1  .0071 284  .017  6.8  . 079 240 .015 89 51  5.0 1 .5 
23.5  .0111 15.8  .401 9.0 .0043 209 .013 16.3 .0077 170 .011 84 47 3.0 .9 
20.0 0.0095 13.8  351 5.4 0.0026 170 0.011  13.0.0062 151  0.01  43 14 
Large mass configuration,  downhill slope 
0.3 
27.9 .0132 14.7  .373 15.0  .0071 253 .016 12.2  .0 58222 .014 87 40 5.0 1.5 
24.5 ,0116 12.4 .315 10.7  .0051 187 .012  11.0.0052 163 .010 78 21 3.0 .9 
25.4 0.0120  13 6  0.345 5.7 0.0027 189 0.012 3.8 0.0018  141  .009 70 16 1.0 
aShock-strut  piston  contains 0.0103 m3 (21.80 pints)  of  hydraulic  fluid  for  fully  extended  strut. 
bAllowable  added  fluid  to  shock  strut  at  time  of  maximum  fluid  added. 
TABLE  111.-  POTENTIAL FOR REDUCTION  OF  FATIGUE DAMAGE WITH  ACTIVE  LOAD-CONTROL  MAIN LA DING GEAR 
Peak  rms  average  forces 
, Sink rate Active  gear Passive  gear 
I DJDp = (F,/Fp) 
Fa FP 
Negative Positive Negative Positive 
m/sec (a) lbf  kN  lbf  kN  lbf  kN  lbf  kN  lbf  kN lbf kN ft/sec 




4729  21.04 6 131  27.27  1881  8.37 2849  12.67  2531 11.26  3  599  16.01 5.0  1.5 
1.05 
2788  12.40 4  681 20.82  1006  4.48 1781 7.92  2221 9.08  2  640  11.743.0 .9 
6394  28.44 6 326 28.14  3317  14.75  3078  13.69  20 8  8.98 4  307  19.16 1.0 
Small  mass  configuration,  downhill  slope 
0.3 
.51 
.17  2999 13.34 4  292  19.09  1332 5.93 1667  7.42 1996  8.88  2  295  10. 1 3.0 .9 
0.11 2894  12.87 4  530 20.15 1224 5.45  1670 7.43 2156 9.59  2  374  10.56 1.0 
, 1.5 4574  20.35  5  225  23.24  2083 9.27 2490  11 08 1909  8.49 3  16 14.75 5.0 
Medium  mass  configuration,  uphill  slope 
Medium  mass  configuration,  downhill  slope 
0.3 1.0 15.78 3  548 13.70 3079 7.00 1573 5.06 1138 29.48 6 627 12.06 2711 bo. 01 
.9 3.0 14.65 3  294 11.91 2677 8.81 1980 6.99 1572 26.56 5 971 15.80 3552 .07 
1.5 5.0 15.47 3  477 10.27 2308 9.52 2140 5.69 1279 25.74 5  787 15.21 3419 .07 
aCalculated  for  Dp = 1.0. 
bO.O1 established  as  lower  limit. 
:el er 'ometer 




snubber valve (Ao) 
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(a) Passive. (b) Active. 
Figure 1.- Cross-sectional  schematics of passive  and  active  shock  struts. 
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(a)  Elevator-control inputs. 
Figure 4.- Comparison of data  time  histories  obtained  from FATOLA and ACOLAG for a  symmetrical  landing 
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(b) Pitch  rates  and  pitch  attitudes. 
Figure 4 .- Continued. 
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(c) Main-gear shock-strut forces. 
Figure 4.- Continued. 
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Figure 4.- Concluded. 
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(a) Airframe-gear forces. 
Figure 5.- Comparison of experimental data with data computed from  ACOLAG for drop test of active  control 
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(b) Shock-strut  strokes. 
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Figure 6 .- Airframe-gear-force and shock-strut-stroke  time  histories for typical  landing  simulations 
of airplane  with  passive and active  main  gears.  Runway A; sink rate, 0.9 m/sec (3 f t/sec) . 
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(b) Shock-strut  strokes;  small mass  configuration;  uphill runway. 
Figure 6.- Continued. 




- Active gear 
""_ Passive gear 
"28Xld 
- -21 
-@lly - -I4 
Airframe- 
Airframe- 






0 I 2 3 4 5 6 7 a 
Time, sec 
(c)  Airframe-gear  forces;  small mass configuration;  downhill runway. 
Figure 6 .- Continued. 
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(d) Shock-strut  strokes:  small mass  configuration;  downhill runway. 
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(e) Airframe-gear forces;  medium mass configuration;  uphill runway. 
Figure 6.- Continued. 
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(f) Shock-strut  strokes;  medium  mass  configuration;  uphill  runway. 
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Figure 6.- Continued. 
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Figure 6 .- Continued. 
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(h) Shock-strut  strokes;  medium mass  configuration;  downhill  runway. 
Figure 6.- Continued. 
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(i) Airframe-gear forces; large mass  configuration; uphill runway. 
Figure 6.- Continued. 
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Figure 6.- Continued. 
- -28x12 
-Active gear 





(k) Airframe-gear forces;  large mass configuration;  downhill runway. 
Figure 6.- Continued. 
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Figure 7.- Airframe-gear-force and shock-strut-stroke  time  histories for landing  simulations  with 
passive and active  gears at above  design  touchdown  sink rate. Large mass configuration;  uphill 
slope of  runway A; sink  rate, 2.4 m/sec (8.0 ft/sec). 
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(b) Shock-strut  strokes. 
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(a) Airframe-gear forces. 
Figure 8.- Effect of high-pressure accumulator design on airframe-gear forces and shock-strut strokes 
for landing simulations w i t h  active gear. Large  mass configuration; runway A w i t h  uphill slope; 
s i n k  rate, 1.5 m/sec ( 5 . 0  ft/sec) . 
" Passive gear 
Active gear; constant accumulator pressure . - - - - - - 
"- Active gear; Vac,t = 0.0379 m 3 (10.0 gal); Vac,i = 0.0189 m 3 (5.0 gal); 9 = O.ooo6 m 3 / sec (9  gall  min) 




(b) Shock-strut  strokes. 
Figure 8.- Concluded. 
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(a)  Airframe-gear forces. 
Figure 9.- Airfrarne-gear-force and shock-strut-stroke time histories for landing simulations wi th  
antiskid braking. Large  mass configuration; runway A w i t h  uphill slope: s i n k  rate, 0.9 m/sec 
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(a) Sink rate, 0.3 m/sec (1 .O ft/sec) . 
Figure 10.- Gravity Z-axis displacement time histories of fuselage  mass center. Medium mass 
configuration; runway A with uphill slope. 
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Figure 10.- Concluded. 
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Figure 11.- Airframe-gear-force time histories w i t h  rms  bounded forces for indicating potential for 
reduced fatigue damage w i t h  the active gear. Large mass configuration; runway A w i t h  uphill 
slope; s i n k  ra te ,  0.9 m/sec (3 .0  ft/sec). (Solid horizontal lines show active-gear  force 
bounds  and dashed horizontal lines show passive-gear force bounds.) 
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